Introduction
Polycystic kidney disease (PKD) is one of the most common inherited disorders that result in severe and debilitating disease. There are two predisposing loci, PKD1 and PKD2, residing on chromosomes 16 and 4, respectively (1, 2) , which encode polycystin-1 and polycystin-2. Extensive study of polycystins and associated proteins has begun to elucidate the molecular biology of cystogenesis (3) . Nevertheless, the precise molecular mechanisms of cyst formation remain to be determined.
Several primary pathogenetic mechanisms have been considered to be responsible for cyst formation, including: (a) abnormal regulation of epithelial cell proliferation (4-6); (b) abnormal transepithelial transport resulting in fluid accumulation in tubular lumina (7, 8) ; and (c) remodeling of the ECM, leading to abnormal epithelial morphology, proliferation, and/or survival (9) (10) (11) . Several signal transduction pathways are known to regulate epithelial cell expansion during kidney development, including those downstream of c-Ret (12) and of receptors for FGFs (13, 14) and bone morphogenetic proteins (BMPs) (13) . An additional receptor tyrosine kinase, c-Met, is expressed in collecting duct epithelial cells and binds HGF. A role for c-Met in branching morphogenesis within the developing kidney has long been suggested because of the ability of HGF to stimulate the formation of branched tubules by MDCK cells in 3D collagen gels (15, 16) . A role for HGF and c-Met in cystic kidney disease has also been suggested by observations that both HGF and c-Met are overexpressed by cyst-lining cells in kidneys from individuals with PKD or acquired cystic disease (6, 17) .
Integrin receptors are heterodimeric transmembrane proteins that mediate attachment of cells to the ECM. We previously demonstrated a role for α 3 β 1 integrin in kidney development; targeted mutation of the α 3 integrin gene results in shorter and fewer collecting ducts in mutant kidneys, an observation consistent with decreased branching morphogenesis and/or decreased epithelial tubule expansion (18) . Small cysts are also observed in α 3 integrin mutant kidneys, suggesting that α 3 β 1 integrin may have a role in maintaining normal tubular morphology and dysfunction of α 3 β 1 integrin may relate to cystogenesis. Consistent with this finding, a hypomorphic mutation in the mouse laminin α5 gene, which encodes the major ligand for α 3 β 1 integrin, causes a phenotype that resembles PKD (19) . A major signaling pathway through which integrins regulate epithelial cell behavior involves PI3K and Akt (20, 21) . Mammalian target of rapamycin (mTOR) is one of the major targets of Akt, and increased activation of mTOR has been suggested to contribute to cyst formation in mice and humans (22) . How mTOR activity is controlled in PKD is not fully understood.
Here we show that glycosylation of the α 3 integrin subunit is defective and α 3 β 1 integrin is retained in the Golgi apparatus in Pkd1 -/-cells. Casitas B-lineage lymphoma (c-Cbl), an E3 ubiquitin ligase normally responsible for ubiquitination of c-Met, is also sequestered in the Golgi apparatus with α 3 β 1 integrin in Pkd1 -/-cells. Consistent with these results, ubiquitination of c-Met after stimulation with HGF is defective in Pkd1 -/-cells, and there is an increased c-Metdependent activation of the PI3K/Akt/mTOR signaling pathway. Additionally, pharmacological blockade of c-Met signaling results in a dramatic decrease in cyst formation in Pkd1 -/-embryos.
Results

Hyperactivation of mTOR in Pkd1 -/-cells is dependent on c-Met
. Consistent with previously published results (22) , mTOR and S6K were hyperphosphorylated in an immortalized Pkd1 -/-cell line derived from E15.5 Pkd1 -/-kidneys (ref. 23 and Figure 1 ). Stimulation with HGF accentuated the difference in mTOR and S6K phosphorylation between Pkd1 -/-and WT (Pkd1 +/+ ) cells, whereas treatment with a c-Met inhibitor (Met Kinase Inhibitor, Calbiochem) reduced mTOR phosphorylation in Pkd1 -/-cells to a baseline level observed in WT cells (Figure 1, A-D) . HGF-dependent phosphorylation of Akt was also stronger in Pkd1 -/-cells than in Pkd1 +/+ cells ( Figure 1 , E and F). These results indicate that hyperactivation of mTOR in PKD may occur downstream of the receptor tyrosine kinase c-Met, and through the c-Met/Akt pathway.
Defective ubiquitination of c-Met in Pkd1 -/-cells. To elucidate the mechanism whereby HGF stimulation resulted in hyperphosphorylation of mTOR in Pkd1 -/-cells, we first examined levels of c-Met, Akt, and mTOR in immortalized Pkd1 -/-and WT cells. Akt and mTOR were present at equivalent levels ( Figure 1, A, B , E, and F), whereas c-Met was more abundant in Pkd1 -/-cells ( Figure 2B ). Higher levels of c-Met and phospho-c-Met were also observed in Degradation of c-Met occurs through two distinct pathways. One pathway is ligand-dependent through ubiquitination; the other is ligand-independent through shedding of an extracellular domain (24, 25) . Because difference in c-Met observed in our study reflected a post-stimulatory situation, we examined ubiquitination of c-Met. Abundant ubiquitination of c-Met after HGF stimulation was apparent in Pkd1 +/+ cells but virtually undetectable in Pkd1 -/-cells ( Figure 3C ) or knockdown cells ( Figure 3D ). Addition of a proteasomal inhibitor (lactacystin) served to further demonstrate the failure to ubiquitinate c-Met in Pkd1 -/-cells (Supplemental Figure 2) . Ubiquitination of c-Met requires association of the c-Met cytoplasmic domain with c-Cbl, a c-Met E3 ubiquitin ligase, and subsequent phosphorylation of c-Cbl. Phosphorylation of c-Cbl after HGF stimulation was decreased in Pkd1 -/-cells compared with Pkd1 +/+ cells ( Figure 3E) . Thus, the absence of polycystin-1 appeared to dramatically affect ubiquitination of c-Met through c-Cbl. c-Cbl is involved in the ubiquitination of other receptor tyrosine kinases, and similar deficient degradation was observed for EGFR and PDGFR-β (Supplemental Figure 3) . in Pkd1 -/-cells, we knocked down Pkd1 in Itga3 -/-cells (KD8 cells, Supplemental Figure 1 ). In the absence of α 3 β 1 integrin, c-Cbl was no longer sequestered in the Golgi in Pkd1-knockdown cells and was able to localize to the plasma membrane, as demonstrated by costaining with the junctional protein ZO-1 ( Figure 4 , E and F). When discontinuous sucrose gradient separation was used to enrich a Golgi apparatus fraction, α 3 β 1 integrin and c-Cbl were found in the Golgi apparatus-enriched fraction of Pkd1 -/-cells but not Pkd1 +/+ cells ( Figure 4G ). We have recently demonstrated (27) that α 3 β 1 integrin is required for c-Met to be activated following stimulation by HGF, raising the question of how activation of c-Met may be involved in cystogenesis if α 3 β 1 integrin is sequestered in the Golgi. However, a small fraction of α 3 integrin remained localized in the plasma membrane in Pkd1 -/-cells ( Figure 4A ) and, more obviously, in Pkd1-knockdown cells ( Figure 4B ), which may have accounted for the ability of c-Met to be activated in Pkd1 -/-cells. Moreover, in contrast to the abnormal localization of α 3 β 1 integrin and c-Cbl, surface labeling with membrane-impermeable biotin reagent demonstrated that c-Met was mainly localized to the cell membrane in WT, Pkd1 -/-, and Pkd1-knockdown (KD4) cells ( Figure 3, A and B) .
The association of c-Cbl with α 3 β 1 integrin prompted us to examine a possible requirement for α 3 β 1 integrin in the c-Cblmediated degradation of c-Met. Equivalent amounts of c-Met ( Figure 2B ) and c-Cbl ( Figure 3E ) were present in Itga3 +/+ and Itga3 -/-cells (28) . Furthermore, c-Cbl was localized at the plasma membrane in Itga3 -/-cells (Supplemental Figure 3) . However, c-Cbl phosphorylation after HGF stimulation was decreased in Itga3 -/-cells ( Figure 3E ), and as in Pkd1 -/-cells after HGF stimulation, c-Met was incompletely degraded in Itga3 -/-cells ( Figure 2B ). Thus, α 3 β 1 integrin has a role, though not absolute, in obtaining maximal degradation of c-Met. Most likely, this relates to the requirement for α 3 β 1 integrin to maximally activate c-Met- and c-Cbl-mediated degradation.
Together, these results suggest that the abnormal accumulation of c-Met in Pkd1 -/-cells may result from the decreased activation of c-Cbl and deficient ubiquitination of c-Met. The resultant effect of this abnormal handling of c-Met appears to be the hyperactivation of mTOR.
Glycosylation of α 3 β 1 integrin subunit is defective in Pkd1 -/-cells. The finding that α 3 β 1 integrin and c-Cbl were mislocalized in the Golgi in Pkd1 -/-cells was reminiscent of findings that E-cadherin was also improperly processed in the Golgi apparatus in Pkd1 mutant cells (29) . Since the modification of protein glycosylation is a major event occurring in the late endoplasmic reticulum and Golgi, the glycosylation of the α 3 subunit was examined. We observed that the α 3 integrin subunit displayed abnormal mobility in SDS-PAGE electrophoresis ( Figure 5A ). Moreover, treatment of the cell lysate with alkaline phosphatase did not eliminate this difference in mobility (data not shown), which argues against the possibility of differential protein phosphorylation between Pkd1 +/+ and Pkd1 -/-cells. In contrast, treatment with PNGase F eliminated the difference in mobility ( Figure 5A ), and comparison of the migration after treatment with PNGase F versus Endo H indicated that a greater proportion of the α 3 subunit was processed to an Endo Hresistant form, while a greater proportion retained greater Endo H sensitivity in Pkd1 -/-cells. These results are more consistent with defects in glycosylation occurring in the late endoplasmic reticulum or Golgi apparatus that are responsible for removing the high mannose structure and conferring complex glycosylation patterns on glycoproteins. A similar change in migration of the α 3 integrin subunit in electrophoresis was also observed in an extract of a kidney from a human individual with PKD ( Figure 5B) .
Altered distribution of c-Cbl and α 3 β 1 integrin in vivo in Pkd1 -/-kidneys. To confirm that our findings with immortalized cell lines were relevant to changes that occurred in vivo, we compared the localization of α 3 β 1 integrin and c-Cbl in epithelial cells of Pkd1 +/+ and Pkd1 -/-kidneys. As predicted, both α 3 β 1 integrin and c-Cbl showed a basolateral distribution in tubules of WT kidneys ( Figure 6, A and  B) . In contrast, and reflecting the in vitro observations, in epithelial cells lining the cysts of Pkd1 -/-kidneys, both c-Cbl and α 3 β 1 integrin localized in a perinuclear distribution ( Figure 6, A and B) . Similar findings were obtained using specimens from a PKD human individual ( Figure 6C ). These in vivo data confirmed that c-Cbl and α 3 β 1 integrin are sequestered in the cytoplasm of epithelial cells and cannot be correctly targeted to the plasma membrane.
Treatment of Pkd1 -/-cystic kidneys in organ culture with c-Met inhibitor can decrease the size and number of kidney cysts. These observations predict that blockade of signaling by c-Met would reduce cyst formation in Pkd1 -/-kidneys. As a first test of this hypothesis, embryonic organ cultures from WT and Pkd1 -/-kidneys were treated with a pharmacological blocker of c-Met (Su11274, Calbiochem, used at 5 μM). Typically, kidneys placed in organ culture, even from Pkd1 -/-mice, do not develop or maintain cysts unless treated with 8-Br-cAMP (30), a membrane-permeable cAMP analog that is more resistant to phosphodiesterase cleavage than cAMP and that preferentially activates cAMP-dependent protein kinase (PKA) (31, 32 ). An appropriate concentration of 8-Br-cAMP was titrated to promote prominent cyst formation in Pkd1 -/-kidneys but little in WT kidneys. Treatment with the c-Met inhibitor reduced cyst formation in organ culture in Pkd1 -/-mutant kidneys to the minimal level observed in WT kidneys ( Figure 7A ). Similar results were obtained with a second c-Met inhibitor (PHA665752, Tocris, used at 0.5 μM) or a c-Met blocking antibody (R&D Systems, used at 5 μg/ml) (data not shown). Importantly, the c-Met inhibitor did not have a marked effect on nephrogenesis in either WT or mutant kidneys (Supplemental Figure 2) . Figure 2C . A is from a reducing gel blotted with α3 integrin C-terminal antibody, and B is from a nonreducing gel blotted with α3 integrin N-terminal antibody.
Figure 5
Based on the results with organ cultures, the c-Met inhibitor was then used to treat pregnant mice carrying litters that included Pkd1 -/-embryos, which normally develop dramatic cysts by E18. Pregnant females were treated twice daily between E14 and E17, and embryonic kidneys were examined at E18.5. There was a marked reduction in cyst numbers and size in kidneys of Pkd1 -/-embryos in treated versus control litters (the total cyst area reduced from approximately 47% to 19%, P = 0.003) (Figure 7 , B and D). Examination of WT kidneys from treated litters revealed no adverse effects on nephrogenesis ( Figure 7C ). To elucidate whether c-Met inhibitor treatment can inhibit Akt/mTOR signaling in our system, we examined phosphorylation status of Akt and S6K, one of the mTOR substrates, after treatment with c-Met inhibitor or vehicle. Compared with vehicle, the c-Met inhibitor decreased activation of Akt and S6K (Figure 8 ).
Discussion
Despite the significant morbidity associated with autosomal dominant PKD (ADPKD), there are no approved treatments specifically targeted toward molecular pathways that are aberrantly regulated in this relatively common hereditary disease. Here we suggest that c-Met might be a therapeutic target in PKD. In the present study, we have shown that in Pkd1 -/-cells, there is a hyperactivation of c-Met signaling, due to a failure to ubiquitinate c-Met following stimulation with HGF. A role for HGF signaling in cystic disease was suggested by previous studies in which transgenic mice overexpressing HGF developed prominent tubular cysts in their kidneys (33) and elevated levels of HGF have been detected in cyst fluid from PKD patients (6) . Normally, activation of c-Met leads to recruitment and phosphorylation of c-Cbl, an E3 ubiquitin ligase for c-Met. Defective ubiquitination of c-Met in Pkd1 -/-cells appears to be due to sequestration of c-Cbl in the Golgi apparatus by α 3 β 1 integrin. Hyperactivated c-Met signaling results in increased mTOR activity in Pkd1 -/-cells. As a validation of the role of c-Met in the formation of cysts in ADPKD, a c-Met inhibitor was shown to inhibit cyst formation in an ex vivo organ culture model of ADPKD, and also in embryonic Pkd1 -/-kidneys through inhibition of Akt and S6K phosphorylation. These find- ings suggest that hyperactivated c-Met signaling may be causative for mTOR activation and c-Met inhibitors may represent a new strategy to treat PKD. (22) . Rapamycin, an mTOR inhibitor, has been shown to be effective in alleviating the cystic phenotype in the Tg737 orpk/orpk mouse model for PKD (22) . Furthermore, in individuals with PKD, rapamycin treatment for immunosuppression after kidney transplantation reduces the volume of cysts in the recipients' native kidneys (22) . One hypothesized role of mTOR in PKD relates to its negative regulation by tuberin, the product of the TSC2 gene, known to be mutated in tuberous sclerosis. Tuberin is itself negatively regulated by PI3K/ Akt. Polycystin-1, the product of the Pkd1 gene, is also known to associate with tuberin, providing a possible mechanistic link between the loss of polycystin-1 expression and hyperactivation of mTOR. Our results provide an additional mechanistic explanation for the hyperactivation of mTOR, suggesting that it occurs downstream of c-Met. The two major processes thought to contribute to cystogenesis are increased proliferation and fluid secretion (34) (35) (36) . A role for proliferation in PKD is supported by findings of increased BrdU incorporation (37), Ki-67 staining (38) , and PCNA staining (39) in cyst-lining cells. Hyperactivation of c-Met would likely lead to increased proliferation (40, 41) , consistent with these findings. On the other hand, Piontek et al. failed to find an increase in proliferation, and thus, the role of proliferation in PKD remains controversial (42) . Whether signaling through c-Met could affect fluid secretion and other cell behaviors that might convert epithelial cells to a cystic phenotype remains to be determined.
c-Met and hyperactivation of mTOR. Epithelial cells lining cysts of ADPKD kidneys exhibit high mTOR activity
Golgi defects in PKD. Our proposed mechanism for mTOR overactivation - that is, defective ubiquitination of c-Met secondary to sequestration of c-Cbl in the Golgi - raises the question of why the absence of polycystin-1 may affect protein modification and transport within the Golgi apparatus. Other reports have also identified abnormal Golgi function in PKD, including abnormal proteoglycan synthesis and altered intracellular transport of proteoglycan in ADPKD (43) (44) (45) (46) . Impaired basolateral trafficking of proteins and lipids, including E-cadherin and C6-NBD-ceramide, has been reported in ADPKD cells as a result of defective cargo exit from the Golgi (29, 47) . Impaired trafficking of sulfated glycoproteins has also been reported in ADPKD (48) . The aberrant glycosylation of the α 3 integrin subunit may represent a primary defect leading to abnormal transport through the Golgi apparatus or may be secondary to another defect in protein transport. However, since c-Cbl is not a glycosylated protein, it is unlikely that a transport defect relating to glycosylation would affect c-Cbl similarly to glycosylated proteins such as α 3 β 1 integrin or E-cadherin. Additionally, the Golgi apparatus were flattened and deformed in Pkd1 -/-cells, which serves as an additional indication of a major Golgi defect in PKD (47) . Finally, a recent report showed that in polycystin-2-depleted Schizosaccharomyces pombe, plasma membrane proteins are also trapped in the Golgi apparatus (49) . Together, these observations suggest a major, though not complete, defect of protein processing in the Golgi and protein trafficking in ADPKD. Defective trafficking in PKD may relate to mislocalization of Rab proteins; for example, Rab8 was previously shown to be mislocalized from the Golgi in ADPKD cells (47) .
Receptor tyrosine kinases signaling in PKD. The c-Met inhibitor was able to effectively block activation of mTOR in Pkd1 -/-cells. However, we also demonstrated deficient degradation of other receptor tyrosine kinases, including EGFR and PDGRFβ. This raises the question of whether c-Met is the only receptor tyrosine kinase involved in cyst formation. This is an important question, because if cyst formation results from increased expression of multiple receptor tyrosine kinases, this provides an avenue for combination therapies that involve subtoxic doses of multiple agents, rather than higher doses of a single agent, to prevent cyst formation in individuals with PKD. It is well established that there is considerable crosstalk between different receptor tyrosine kinases; this is especially well studied for c-Met and EGFR (50) . Thus, it is possible that addition of the c-Met inhibitor, while primarily affecting c-Met, may also indirectly affect activation of EGFR and other receptor tyrosine kinases.
c-Met and epithelial morphogenesis. c-Met has received intense study for its role in epithelial morphogenesis. The ability of HGF to induce the formation of branched tubules in 3D collagen gels has suggested a role for c-Met signaling in branching morphogenesis. A potential model for branch formation suggests that branches are initiated when epithelial cells fail to restrict the orientation of cell division to a 2D monolayer or to the long axis of a simple tubule and instead orient the axis of cell division such that cells emerge from the tubule to initiate a branching event. The regulatory events that govern the orientation of cell division are thought to be a manifestation of planar cell polarity (PCP), a term used to describe how cell behavior is regulated by cellular interactions between lateral membranes (as opposed, for instance, to processes that regulate apical-basal polarity) to govern cell behavior within a plane. One major way in which PCP-related processes may regulate cell behavior is by regulating the orientation of mitotic spindles during cell division. Whether abnormal regulation of PCP has a role in cyst disease is presently undergoing important consideration (51) . There are now several examples of randomized or inappropriate mitotic spindle orientation in various models of PKD, including the PCK rat model of cystic disease (52), FAT4 mutant mice (53) , and Kif3a conditional mutant mice (54) .
A possible role for c-Met in regulating PCP is suggested by several observations. First, signaling downstream of c-Met, as with other receptor tyrosine kinases, has the capacity to disrupt cell-cell interactions, in part by causing increased tyrosine phosphorylation of β-catenin (55) and consequent disruption of cadherin-mediated cell-cell adhesion, facilitating the exit of cells from a monolayer or the initiation of a branch point. Second, it has been observed that HGF stimulation can result in increased variation in mitotic spindle orientation (56) that would also facilitate the initiation of a branch point in a simple tubule. Taken together, these observations suggested an association between aberrant HGF/c-Met signaling and cystogenesis in the kidney. How might these normal functions of c-Met in epithelial morphogenesis be co-opted to result in cyst formation in PKD? Hyperactivation of c-Met may contribute to excessive randomization of mitotic spindle orientation, as has been shown to occur in cystic disease (52) , replacing branching events with the initiation of cysts. It may also contribute by excessive disruption of cadherin mediate cell-cell adhesion, contributing to the abnormal morphology of cyst-lining cells that are highly flattened along the basement membrane, with minimal lateral junctions.
Golgi function and cilia in PKD. Cilia are the present focal point of research on PKD (57) . Polycystins-1 and -2 and many other proteins involved in cystogenesis are localized to the cilia, among other subcellular compartments (58) . Several recent observations have begun to draw physical links between the cilia and the Golgi apparatus (47, 59) . For example, several proteins including IFT20, dyenin2, and kinesin-2 are found in both the Golgi apparatus and cilia (60) . It is suggested that IFT20 functions in the delivery of ciliary membrane proteins from Golgi complex to the cilium. Furthermore, there may be structural continuity between Golgi and the centrosome as well as basal body of the primary cilia (61, 62).
These observations suggest that a primary Golgi defect may lead to cilia malfunction and cyst formation in PKD.
On the other hand, it is more difficult to formulate hypotheses about how a primary cilia defect might cause abnormal protein processing in the Golgi. One possibility is that this is very indirect and results from abnormal regulation of gene expression by signals transduced from the cilia. For example, the cilia is a major locus of sonic hedgehog signaling, and the abnormal ratios of Gli activator to repressor isoforms that might be expected to result from ciliary dysfunction could be predicted to have important effects on gene expression, including of genes that encode proteins involved in protein trafficking, as this constitutes a large group of proteins within the cell. Cells and mice. Pkd1 -/-mice were previously described (23) . Pkd1 +/+ and Pkd1 -/-cell lines (23) (used at passages 9-14) and Itga3 +/+ and Itga3 -/-cell lines (28, 63) (used at passage 6-14) were previously described. All cells were cultured in DMEM containing 2% fetal bovine serum, 0.75 μg/l γ-interferon, 1.0 g/l insulin, 0.67 mg/l sodium selenite, 0.55 g/l transferrin, 36 ng/ ml hydrocortisone, 100 U/ml penicillin/streptomycin under 33°C and 5% CO2 (64) .
Lentiviral preparation, viral infection, and stable cell line generation. The lentiviral hairpin-pLKO.1 vector encoding target sequence was transfected into HEK293T cells along with pCMV-dR8.91 and VSV-G/pMD2G using TransIT-LT1, and viruses were collected from media at approximately 40 hours after transfection. Target cells grown on 6-cm dishes were infected with viruses in the presence of polybrene. Individual cell colonies were selected and isolated in the presence of puromycin at a concentration of 2.4 μg/ml. Stable cell lines were maintained in the media containing 2 μg/ml puromycin. Knockdown efficiency was analyzed by quantitative PCR and Western blot. The target sequence of the constructs were KD1: CGCTC-GCACTTTCAGCAATAA; KD2: GCCCTGTACCTTTCAACCAAT; KD3: CCAACTCAACATCACCGTAAA; KD4: GCTTCACTACTCTTCCTGCTT. The primers used for Pkd1 amplification in quantitative PCR were forward primer: TCTCGGAGCAGAATCAATGCC; reverse primer: CAGAGTT-GAGGGACAGTGAGAT. The control construct for knockdown experiments was a pLKO.1 empty lentiviral vector that did not contain an shRNA insert; cells derived with this vector are referred to as "Ctrl" in the figures.
Immunoprecipitation and Western blot. Immunoprecipitation and Western-blot analysis were performed using whole cell lysates unless otherwise specified. Confluent cells were collected, washed with PBS, lysed with lysis buffer (20 mM Tris/HCl, 1 mM EDTA, 150 mM NaCl, 1% Triton X-100) containing proteinase inhibitor cocktail tablet (Roche 1697498) at 4°C for 30 minutes. After centrifugation at 15,700 g for 15 minutes, supernatants were incubated with specific antibody at 4°C for 1 hour, followed by incubation with Protein G-conjugated beads (Pierce Biotechnology) at 4°C for 2 hours, and then samples were washed in lysis buffer. Samples were run on 7.5% acrylamide gel and transferred to PVDF membranes, followed by immunoblotting with specified antibodies.
Immunofluorescence. Cultured cells or cryosections (embedded in OCT and cut in a thickness of 5 μm) were fixed in cold methanol at -20°C for 10 minutes, blocked in 2% BSA for 1 hour, and incubated overnight at 4°C with primary antibody and then with Alex Fluor 488- or Alex Fluor 594-labeled secondary antibody at room temperature for 1 hour. Images were taken with the same exposure time for the same antibody.
Immunohistochemistry. Paraffin sections (5 μM) of 4% paraformaldehydefixed kidneys were placed in citrate-buffered solution (pH 6.0) and then boiled for 30 minutes for antigen retrieval. Endogenous peroxidase was blocked with 3% hydrogen peroxide, and nonspecific binding was blocked with 10% BSA. Diaminobenzidine substrate (Sigma-Aldrich) was used for the color reaction. Secondary antibody alone was consistently negative on all sections. mTOR phosphorylation and activation. Pkd1 -/-and WT cells were treated with either HGF (Sigma-Aldrich, 50 ng/ml, 20 minutes) or Met Kinase Inhibitor (Calbiochem, 5 μM, 4 hours). Blotting with phospho-mTOR antibody, phospho-S6K, total mTOR, or total S6K antibody was used to analyze mTOR phosphorylation and activation.
c-Met degradation. WT and Pkd1 -/-cells were stimulated with 50 ng/ml HGF for 30 minutes, lysed, and subjected to Western blot analysis to determine the c-Met amount, normalized to GAPDH. Band density was measured by densitometry (Gel Doc XR, Bio-Rad), according to the manufacturer's instructions.
Sequential precipitation with avidin and α3 integrin antibody. Confluent WT and Pkd1 -/-cells were labeled with membrane-impermeable EZ-Link Sulfo-NHS-Biotin. Avidin-conjugated beads were used to pull down labeled proteins. Unlabeled α3β1 integrin in the supernatant was immunoprecipitated with the polyclonal anti-α3 integrin antibody.
Isolation of Golgi fraction. Isolation of Golgi fraction from cultured Pkd1 +/+ and Pkd1 -/-cells was done by using a discontinuous sucrose gradient ultracentrifugation described by Balch et al. (65) . Briefly, confluent cells were harvested and washed in homogenization medium (10 mM Tris/HCl, pH 7.4, 250 mM sucrose) 2 times and homogenized in 3 ml homogenization medium, with sucrose concentration adjusted to 1.4 M. Sample solution (3.9 ml) was transferred to an approximately 11-ml ultracentrifuge tube, and the sample was overlaid with 3.9 ml of 1.2 M sucrose gradient solution and then 1.95 ml of 0.8 M sucrose gradient solution. A syringe was used to underlay the sample with 1.3 ml of 1.6 M sucrose gradient solution. Centrifugation was carried out at 4°C, 110,000 g, for 2 hours. The Golgi fraction band was harvested from the 0.8 M/1.2 M sucrose interface.
Real-time PCR. Real-time PCR was carried out on a Smart Cycler II (Cepheid). SyBR Green was used for fluorescence detection. PCR parameters were 95°C, 10 minutes (95°C, 15 seconds, 60°C, 30 seconds, 72°C, 30 seconds) 40 cycles; melting temperature was measured between 60 and 95°C. c-Met forward primer was ACGGCTGAAGGAAACCCAAG; reverse primer, ACCCAGAGTCTACGGAACAGA. The c-Met mRNA amount was normalized by the 18S RNA amount from the same cDNA sample.
Glycosylation analysis. WT and Pkd1 -/-cells were lysed and incubated with Endo H and PNGase F glycosidase enzymes (New England Biolabs), following the manufacturer's instructions for the digestion. Western blot analysis under reducing conditions with antibody against the C terminus of α3 integrin was used to evaluate the migration change before and after Endo-H and PNGase F digestion.
Organ culture in vitro. Embryonic mouse kidneys of E13.5 were dissected out and cultured in media (30) (1% FBS, 5 mg/ml transferrin, 0.05 mM sodium selenite, 100 nM hydrocortisone, 2 nM T3, 25 ng/ml PGE1, 100 U/ml penicillin/streptomycin, 100 μM 8-Br-cAMP) in a Center-Well Organ Culture Dish (BD Labware). The following day, the kidneys from the same embryo were treated with either 5 mM Met Kinase Inhibitor (Calbiochem) or DMSO (the same volume as Met Kinase Inhibitor). The media were changed every day with the same additives as above. After 5 days, kidneys were fixed by 4% PFA and embedded in paraffin. Paraffin sections were stained with hematoxylin and eosin.
Treatment of pregnant mice. Male and female Pkd1 +/-mice were intercrossed to obtain homozygous mutant embryos. At E14.5, pregnant Pkd1 +/-females received intraperitoneally injections of either c-Met kinase inhibitor (Calbiochem 448101) or vehicle. c-Met kinase inhibitor was dissolved in 30% DMSO/20% ethanol/50% PBS (vehicle) and injected at an amount of 100 mg/kg/d, divided into two doses, one in the morning and the other in the evening. The pregnant mice were injected at E14.5, E15.5, E16.5, and E17.5 and sacrificed at E18.5. The E18.5 embryonic kidneys were fixed in 4% PFA and genotyped, and paraffin sections were obtained and stained with hematoxylin and eosin. Cyst area was analyzed on a Nikon Eclipse 80i microscope and quantified by NIS-Elements software (Nikon Instech Co.).
Statistics. All data are presented as mean ± SEM. Student's 2-tailed t test for unpaired groups was used to compare the mean of different groups. The difference between 2 means was significant when P was lees than 0.01.
